ABSTRACT
Control of vectorial salt and liquid movement is a key function of epithelia. It is a prerequisite for body fluid and electrolyte homeostasis and for regulation of the surface liquid volume of the mucus membrane itself. In epithelia Cl Ϫ secretion is dependent on entry of Cl Ϫ (1, 2) as well as on Cl Ϫ efflux, which depends primarily on the cystic fibrosis transmembrane conductance regulator (CFTR) (3) . Abnormalities of ion transporter function have been implicated in diarrheal diseases, while conditions of decreased ion transport capacity such as in the genetic disease cystic fibrosis have highlighted the importance of mucosal hydration and mucus clearance as a primary innate defense against pathogens (4) .
For reasons of its unique anatomical setting, in the intestinal mucosa even small perturbations of blood flow can lead to rapid metabolic changes characteristic of ischemia and resultant hypoxia. In a number of pathological conditions, reduced availability of oxygen is a common feature causing barrier dysfunction and contributing as proinflammatory stimulus (5) . However, previous studies have also revealed adaptive responses, most notably mediated by the hypoxia inducible factor-1 (HIF-1) (5-7).
Studies on the influence of hypoxia on epithelial electrogenic Cl Ϫ secretion established a direct, noncytotoxic attenuation of stimulated Cl Ϫ transport (8 -10) . This is consistent with the recent observation of a HIF-1-mediated alteration of Cl Ϫ influx via down-regulation of the Na-K-2Cl cotransporter NKCC1 (11) . Our work identifying a parallel repression of CFTR not only proposes novel insights into mucosal physiology but also suggests the presence of an HIF-1-orchestrated mechanism controlling epithelial ion and water transport.
MATERIALS AND METHODS
Epithelial cell culture and in vitro exposure to hypoxia T84 and Caco-2 epithelial cells were cultured as described (12) and seeded at 10 6 cells/ml. Standard hypoxic conditions (based on previous work; ref 6) were pO 2 20 torr, pCO 2 35 torr. At the start of each experiment, medium was exchanged with preequilibrated normoxic or hypoxic medium maintaining consistent medium layer depth throughout the project. Normoxic activation of HIF-1 was achieved with dimethyloxallyl glycine (DMOG, Cayman Chemical, Ann Arbor, MI, USA) at 1 mM for 24 h or following transduction with a constitutive active form of HIF-1 via lentiviral gene transfer as described (13) .
Fluid transport assay
T84 cells were seeded onto semipermeable filter supports (Costar, Inc., Cambridge, MA, USA) and grown to confluence. After 5-7 d of culture, resistance was 1095 Ϯ 98 ⍀ ⅐ cm 2 for T84 and 1265 Ϯ 89 ⍀ ⅐ cm 2 for HIF⌬ODD-T84. Transmonolayer fluid movement was measured in absence or presence of 50 M of the cAMP agonist forskolin (Biaffin, Kassel, Germany) as described (10) . After 24 h of experimental conditions apical medium was quantified by weight. Barrier integrity was assayed by measurement of lactate dehydrogenase (LDH) in cell medium (CytoTox96 nonradioactive assay, Promega, Madison, WI, USA) or by measuring transepithelial resistance (TER) using a voltmeter (Evohm; World Precision Instruments, New Haven, CT, USA).
Transcriptional analysis
Quantitative genechip expression array from total RNA was performed on T84 cells (Affymetrix, Santa Clara, CA, USA) (14) . Samples for polymerase chain reaction (PCR) were obtained using the Nucleospin RNA isolation kit (MachereyNagel, Dü ren, Germany) and the i-script cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). mRNA expression was quantified by real-time PCR (iCycler, Bio-Rad) and analyzed following the principles established by Pfaffl (15) . ␤-Actin served as a housekeeping gene. Primer sets are specified in Supplemental Table 1 . Murine Cftr was quantified using FAM-labeled D-lux primer sets targeted against the exon/exon junction 17/18 and JOE-labeled certified D-lux ␤-actin primer set in a multiplex reaction (Invitrogen, Carlsbad, CA, USA).
Immunoblotting experiments
Total whole-cell proteins from colonic mucosal scrapings, T84 cells, or Caco-2 cells were analyzed by Western blot as described (16) . Where indicated, mouse monoclonal anti-CFTR (Abcam, Cambridge, UK) or rabbit polyclonal anti-␤-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was applied. HIF-1␣ was detected in nuclear lysates obtained with the NE-PER nuclear extraction reagents (Pierce, Rockford, IL, USA) using the HIF-1␣ antibody from Transduction Laboratories (Lexington, KY, USA). The obtained bands were quantified with ImageJ software (National Institutes of Health, Bethesda, MD, USA), and results are represented as fold change in ratio of CFTR to respective ␤-actin optical density.
Functional evaluation of CFTR
Functional in vitro analysis of CFTR function was performed with the colorimetric technique of Tang and Wildey (17) . Briefly, microplates containing T84 cells were incubated with iodine-loading buffer. After washing, CFTR was activated through addition of forskolin at indicated concentrations for 5 min. Supernatant was then removed, and cells were washed and lysed. Iodine concentration of lysates was measured with a modified Sandell-Kolthoff reaction. CFTR channel function was calculated and plotted as a coefficient of iodine secretion J, expressed as eq/h/cm 2 . Based on conditions established previously (10), a subset of hypoxic cells was reoxygenated for 2 h in fresh medium containing 1 mM 8-bromo-cAMP before functional analysis. Specificity of the assay was evaluated in cells treated with 50 M forskolin and increasing concentrations of CFTR inhibitor CFTR inh172 (18) .
Electrophysiological studies
To measure agonist-stimulated short-circuit current, transepithelial potential, and resistance, we used a voltage clamp (Iowa Dual Voltage Clamps, Bioengineering, University of Iowa, Iowa City, IA, USA) interfaced with an equilibrated pair of calomel electrodes and a pair of Ag-AgCl electrodes. Cl Ϫ secretory responses are expressed as peak short-circuit current I sc across the monolayer. Using the same principle, I sc measurements were performed in isolated jejunal, ileal, proximal colonic, and distal colonic mucosa, as detailed elsewhere (19) .
Chromatin immunoprecipitation (ChIP) assay
ChIP was performed on Caco-2 cells as described elsewhere (13) . Following isolation, sheared chromatin was incubated with anti-HIF-1␣ antibody, and immune complexes were precipitated with protein A-sepharose beads. HIF-1 binding to the CFTR 5Ј untranslated region was quantified by standard PCR (primers: sense, 5Ј-ACACTCGCGCGCTCGCTC-3Ј; antisense, 5Ј-GGCCGCGGCTCCATAGCTGC-3Ј), which amplified a 217 bp region spanning the putative HIF-1 binding site. Chromatin incubated with immunoglobulin G (IgG) plus sepharose or with beads alone was used to control for nonspecific binding of DNA.
Luciferase reporter assay
The CFTR-pTL-LUC promoter construct (Panomics, Fremont, CA, USA) contains the 5Ј-flanking sequence upstream of exon 1 of the human CFTR gene including the transcriptional start site. Reporter assays were performed on Caco-2 cells applying standard methods of overnight transfection and the PolyFect transfection reagent (Qiagen, Hilden, Germany), followed by hypoxic or normoxic exposure as indicated. Luciferase activity was assessed on a TD20/20 luminometer (Turner Designs, Fresno, CA, USA) and the dual luciferase assay system (Promega, Madison, WI, USA). All activity was normalized to the activity of cotransfected Renilla control reporter.
Site-directed mutagenesis
The core consensus sequence of the HIF responsive element (HRE) was altered from 5Ј-ACGTG-3Ј (WT-CFTRpluc) into 5Ј-ACATA-3Ј (⌬HRE-CFTRpluc) using the QuickChange sitedirected mutagenesis kit (Stratagene, LaJolla, CA, USA). These changes did not modify other transcription factor binding sites as predicted by computational simulation (Matinspector; http://www.genomatix.de). Successful mutation was confirmed by sequencing.
Animal studies
All studies were approved by the University of Tü bingen and Hannover Medical School committee on investigations involving animals and the respective governmental agencies. Animals were matched for age and sex, the former being 6 -8 wk (hypoxia experiments) and 2-3 months (Cftr Ϫ/Ϫ and Nkcc1 Ϫ/Ϫ mice due to delay in body weight of Nkcc1-deficient mice). The Nkcc1-deficient mice had been generated in the laboratory of Gary Shull (University of Cincinnati, Cincinnati, OH, USA) (20) . Both Cftr tm1Cam and Nkcc1 animals were bred for many generations in the NMRI backround. The wholebody hypoxia model was performed on wild-type (WT) C57BL/6/129 svj mice or conditional Hif1a-mutant mice and their littermate controls. Mice were exposed to either normobaric hypoxia (8% O 2 , 92% N 2 ) or room air for 4 or 24 h (nϭ4 -6/condition), as described previously (21) . For normoxic induction of HIF-1, a subset of WT mice was treated with 8 mg DMOG by intraperitoneal injection for 48 h prior to initiation of hypoxia. Such treatment had induced activation of HIF-1 in a previous study (22) . Control mice were injected with PBS. Mucosal scrapings were used for both mRNA and protein assays.
Surgical procedure for measurement of duodenal HCO 3 ؊ secretion
Earlier work had established anesthesia and standard surgical procedures (23) . Through a left carotid artery catheter, a continuous infusion of isotonic sodium carbonate solution (200 mM Na ϩ and 100 mM CO 3 ; ref.
2) at 0.3 ml/h was commenced 1 h before start of measurements. Blood pH and [HCO 3 Ϫ ] were 7.39 Ϯ 0.04 and 28 Ϯ 6 mM, respectively. The duodenum was cannulated as described and gently perfused at 0.25 ml/min with prewarmed 154 mmol/L NaCl. Following a recovery period, basal bicarbonate secretion was measured before luminal addition of 10 Ϫ4 M forskolin. HCO 3 Ϫ outputs were determined in 10-min periods by back-titration (PHM82 Standard pH meter; Radiometer, Copenhagen, Denmark) as reported (24) . HCO 3 Ϫ measured in the effluents from the duodenal segment ranged from 0.1 to 1.0 mmol/L, and standards showed excellent correlation between amounts of HCO 3 Ϫ added and recovered. Rates of luminal alkalinization were expressed as micromoles of base secreted per centimeter of intestine per hour (mol/cm/h).
Measurement of jejunal fluid absorption and secretion
The method for measurement of jejunal fluid movements was adapted from Clayburgh et al. (25) . A 5-cm segment of midjejunum was cannulated as described for the duodenum. To prevent fluid accumulation, the distal end of the jejunum preceding this isolated loop was drained. The jejunal lumen was perfused with 5 ml of prewarmed Hepes-buffered Ringer solution containing 2 mM ferrocyanide in a recirculating system at 0.5 ml/min. Forskolin-stimulated secretion was determined by measuring the concentration of nonabsorbable ferrocyanide in recirculating fluid before the start of the experiment, at the end of the basal period, and after application of 10 Ϫ5 M luminal forskolin for 30 min.
Data analysis
Bivariate analysis was performed using Student's t test. In vivo HCO 3 Ϫ secretion was compared with ANOVA. Values are expressed as means Ϯ se. Values of P Ͻ 0.05 were considered significant.
RESULTS

Transcriptional repression of CFTR in hypoxic epithelia
Epithelia (T84) displayed a markedly blunted response to forskolin-stimulated fluid movement after 24 h hypoxic exposure [ Fig. 1A 
Functionally relevant repression of CFTR protein in hypoxia
SDS-gel electrophoresis from epithelial cell lysates demonstrated a hypoxia time-dependent decrease of CFTR both in Caco-2-( Fig. 2A) and T84 cells (Fig. 2B ), resulting in a 0.22 Ϯ 0.05-fold (Caco-2) and 0.05 Ϯ 0.008-fold (T84) change after 48 h of hypoxia (Supplemental Fig. 1A, B) . In vivo relevance was obtained in a murine whole-body hypoxia model (4 h, 8% O 2 , Fig.  2C ), revealing reduced CFTR protein levels after hypoxic exposure in small intestinal mucosal scrapings (0.33Ϯ0.12-fold, Supplemental Fig. 1C ). Functional consequences of altered CFTR expression were determined using stimulated efflux of iodine as a colorimetrically measurable surrogate (26) . Hypoxic T84 cells (Fig. 2D ) displayed reduced sensitivity to forskolin-stimulated iodine efflux (10 M forskolin; 0.021Ϯ0.0007, 0.0177Ϯ0.00015, and 0.0153Ϯ0.0002 eq/h/cm 2 for Nx, 24 h, and 48 h treatment; PՅ0.05). Specificity for CFTR was established by preliminary experiments showing a dose-dependent antagonism to forskolin-stimulated iodine efflux by the CFTR inhibitor CTR Inh172 (data not shown). States of metabolic stress are known to decrease cellular cAMP levels and therefore CFTR activity. To discriminate the influence of transcriptional regulation, T84 cells were exposed to hypoxia in presence of 8-bromo-cAMP to add back cellular cAMP and were reoxygenated before analysis (48ϩRϩcAMP treatment). Following this treatment, only small differences in iodine efflux capacity were observed (10 M forskolin; 0.021Ϯ0.001, 0.017Ϯ0.001, and 0.018Ϯ0.0002 eq/h/cm 2 , for Nx, 48 h Hx, and 48ϩRϩcAMP treatment; PՅ0.05). Taken together, these data indicate that transcriptional regulation of CFTR abundance is associated with a consistent reduction of stimulated chloride efflux capacity in hypoxic epithelia.
Hypoxic repression of CFTR is HIF-1 dependent
As HIF-1 is known to influence components of electrogenic Cl Ϫ transport (11), we investigated its influence on CFTR expression. For purposes of HIF-1 overexpression, we used cell lines that expressed oxygen-stable HIF-1 (HIF⌬ODD) or were treated with DMOG (1 mM for 24 h). Figure 3A demonstrates successful alteration of the HIF-1 activation in Caco-2 Caco-2 (A) and T84 cells (B) were exposed to normoxia or indicated times of hypoxia, and cell lysates were examined by Western blot using specified antibodies. Blots are representative of 3 independent experiments. C ) In a whole-body murine hypoxia model (Hx; 4 h), Western blot analysis for CFTR was performed on small intestinal mucosal scrapings. ␤-Actin served as control. Western blots are representative for 3 separate experiments; n ϭ 2/condition. Iodine efflux in hypoxic epithelia was measured colorimetrically. D) T84 cells were exposed to indicated times of hypoxia, and efflux of loaded iodine was measured. E) T84 cells were either exposed to normoxia (empty bars) and hypoxia (48 h; filled bars) alone or exposed to hypoxia and reoxygenated in presence of 8-bromo-cAMP before measuring iodine efflux (48hϩRϩcAMP; checkered bars). Data are expressed as coefficient of iodine secretion J Ϯ sem; *P Յ 0.05 vs. normoxia. Fig. 3C ; PՅ0.05). Analysis of the CFTR promoter sequence (Fig. 3D ) yielded a previously unappreciated HRE at Ϫ850 bp from the initiation codon identified by White et al. (27) . Physical interaction of HIF-1 to this site was verified by ChIP (Fig. 3E) , which showed enhanced HIF-1 binding under hypoxic conditions. Next, we analyzed a luciferase construct bearing the CFTR promoter (Fig. 3F) . Hypoxic exposure decreased luciferase activity in this construct by 0.49 Ϯ 0.02-fold after 24 h and 0.27 Ϯ 0.03-fold after 48 h (PՅ0.05). Inactivation of the HRE by point mutation, however, abolished repression, while having no effect on CFTR basal activity. This identifies HIF-1 as regulator of the CFTR hypoxic response.
In vitro relevance of CFTR regulation by HIF-1
As proof of principle, we investigated the water movement in T84 cells constitutively overexpressing HIF-1 (HIF⌬ODD). These cells exhibited an abrogated fluid response to forskolin stimulation (4.28Ϯ0.3-vs. 11.8-fold change on forskolin stimulation in HIF⌬ODD-Nx and WT-Nx, respectively) indicating a relevant inhibition of the responsible mechanism by isolated HIF-1 activation (Fig. 4A) . As previously demonstrated, hypoxia resulted in attenuated 1 M forskolin-stimulated electrogenic Cl Ϫ secretion (Fig. 4B) Arrows indicate the tissue-specific transcription start sites identified for the small intestine and intestinal epithelial cell lines (27, 43) . E ) ChIP demonstrates HIF-1 binding to genomic DNA corresponding to the CFTR 5Ј-UTR in normoxic (Nx) and hypoxic (Hx) Caco-2 cells (24 h). Reaction controls included PCR performed on genomic DNA (input), on samples precipitated by protein A sepharose beads (beads) or by beads with IgG. F ) CFTR promoter activity was examined with luciferase constructs driven by the CFTR promoter. WT (WT-CFTRpLuc) was compared to a promoter construct bearing a mutation in the HIF-1 binding site (⌬HRE-CFTRpLuc). Promoter activity was evaluated following indicated periods of hypoxia in Caco-2 cells. Results are calculated from the ratio of luciferase-activity to activity of cotransfected control plasmid (renilla), presented as means Ϯ se from 3 experiments; n ϭ 3/condition; *P Յ 0.05 vs. normoxia. (Fig. 4C) , which was less sensitive to forskolin in HIF⌬ODD-T84 cells. Such changes paralleled largely the characteristics of hypoxic WT T84 cells and indicated a similar decline in Cl Ϫ transport capacity under both conditions (10 M forskolin; 0.0224Ϯ0.0006, 0.01757Ϯ0.00058, and 0.0186Ϯ0.00027 eq/h/cm 2 for Nx, 24 h Hx, and HIF⌬ODD; PՅ0.05).
Functionally relevant repression of CFTR by HIF-1 in vivo
To establish conditions for ensuing experiments, we determined CFTR mRNA levels in small and large intestinal samples of mice exposed to 4 and 24 h of hypoxia (8% O 2 ). As shown in Fig. 2 ). This suggests that hypoxia may differentially affect the expression of anion transporters with a predominantly secretory (CFTR) vs. absorptive (Slc26a3) function.
No significant differences in the percentage of bumetanide-sensitive I sc response vs. total I sc response to forskolin in small or large intestinal mucosa were observed (Supplemental Fig. 3 ). In Nkcc1 Ϫ/Ϫ animals, forskolin-stimulated I sc was 48 Ϯ 9% of that in control tissues in the jejunum (nϭ7), and 46 Ϯ 6% (nϭ6) of that in control tissue in the proximal colon; the bumetanide-sensitive I sc was 0. In contrast, fluid secretory response (Fig. 5B ) was significantly reduced in Cftrdeficient mice (0.06Ϯ0.18-fold change; PՅ0.05) and after 24 h of hypoxia (0.26Ϯ0.13-fold change; PՅ0.05) to stimulation with 10 Ϫ4 M forskolin applied to an isolated jejunal loop, while the response in normoxic WT animals was robust (0.12Ϯ0.019 ml/cm/h for all control mice and across all genotypes; nϭ16). These differences were seen despite the fact that hypoxic animals were reoxygenated for 1 h and given intravascular fluid and base supplementation to restore normal blood pH. The response in Nkcc1-mutant mice was decreased (0.5Ϯ0.16-fold change; PՅ0.05) to a lesser extent, indicating that effects of chronic hypoxia on NKCC1 expression could not be exclusively responsible for secretory changes in hypoxia.
In forskolin-stimulated duodenal HCO 3 Ϫ secretion (Fig. 5C ), Nkcc1-deficient animals displayed a distinct increase in basal HCO 3 Ϫ secretion rate and an enhanced stimulated response (PՅ0.05; ANOVA). However, while normoxic controls showed a robust HCO 3 Ϫ secretory response to forskolin, this response was strongly diminished in mice exposed to 4 and 24 h of hypoxia and was absent in Cftr-deficient animals (each PՅ0.05; ANOVA).
To demonstrate HIF-1 dependency of CFTR repression also in vivo, we analyzed conditional Hif1a-mutant animals, which lack detectable Hif1a expression in Ͼ70% of intestinal epithelial cells (21) . In real-time PCR analysis, these animals exhibited a 2.1 Ϯ 0.26-fold (PՅ0.05) increase of CFTR mRNA in colonic epithelia (Fig. 5D) , and CFTR expression changed little after hypoxic exposure vs. a 0.46 Ϯ 0.08-fold change in WT hypoxic mice (PՅ0.05). Normoxic HIF-1 overexpression induced by systemic treatment with the HIF-1 activator DMOG caused CFTR repression to a similar degree seen after hypoxic exposure (0.51Ϯ0.02; PՅ0.05). 
DISCUSSION
CFTR is the major mechanism for epithelial Cl
Ϫ secretion and therefore a central modulator of Na ϩ and water flux. Recent work established additional roles of CFTR as regulator of a number of epithelial transport proteins and further underlined CFTR's importance for transmucosal electrolyte transport (28) . However, our understanding of CFTR transcriptional regulation itself is still incomplete. First, indications that CFTR may be hypoxia responsive stem from the work of Bebök et al. (29) , who underscored the influence of specific metabolic profiles for the cellular hypoxia response. While we have normalized such factors as cell density (30) and liquid layer depth (29) known to affect in vitro cellular oxygenation, the conditions of physiological normoxia remain undefined. In the context of intestinal epithelial cells 147 torr is probably unphysiologically high, even when taking into account differences between gas phase and epithelial surface. To be consistent with previous work, we defined 20 torr as hypoxia, but in vivo measurements suggest a pO2 of ϳ36 torr for the untreated colonic epithelial surface and as low as 5 torr during inflammation (31) .
States of epithelial hypoxia are clinically associated with diarrhea (32), attributed to changes in permeability (33), reduced absorptive processes (34) , and mediator-induced stimulation of Cl Ϫ secretion (35) . Thus, the consistent observation (10, 11) of reduced electrogenic Cl Ϫ secretion in hypoxic epithelia would not have been easily predicted. However, besides being an adaptive response to compensate for fluid losses, downregulation of this highly energy-consuming secretory machinery serves to maintain energy stores and is observed in various epithelial cells in dependence to oxygen availability (9 -11, 36) . In addition, other metabolic sensors are known to influence CFTR activity, such as AMPkinase (37) and cAMP-PKA-dependent phosphorylation (38) . We have previously shown that cAMP levels decrease following hypoxic exposure and that this is responsible in part for diminished stimulated Cl Ϫ conductance in hypoxic epithelia (10, 16) . However, in agreement with this work (10), reoxygenation and cAMP addback did not lead to recovery of ion transport characteristics in our hands, and secretory responses in small intestine of mice subjected to hypoxia remained severely dampened after more than 2 h of reoxygenation. This suggested that transcriptional regulation of CFTR abundance substantially influences ion transport under hypoxic conditions. HIF-1 is a ubiquitous hypoxia responsive factor involved in a number of mechanisms that help maintain barrier integrity and is known to affect epithelial ion movement (11) . Using 2 in vitro systems of HIF-1 overexpression, we consequently demonstrated HIF-1 involvement in CFTR regulation. CFTR transcriptional control, however, is complex and other pathways of hypoxic CFTR modulation cannot be excluded. A number of transcription factors relevant for CFTR regulation, such as NFB (39) and the cAMP responsive element binding protein (CREB) (40) are also hypoxia responsive (41) . CREB degradation seen under hypoxic conditions (42) could thus contribute to transcriptional repression of CFTR documented by our data. This is hard to fully rule out, because of the importance of CREB binding for CFTR basal expression and the consequent difficulty to appreciate HIF repression in a promoter bearing a mutated CREB binding site. Still, experiments under conditions of normoxic HIF-1 activation support HIF-1 to be the major factor in CFTR hypoxic repression. Furthermore, our finding of a previously unappreciated HIF-1 responsive element at Ϫ850 bp is consistent with previous work on promoter truncations, which had suggested a repressive element between Ϫ1036 and Ϫ718 (43). Loss of repression on mutation of this HRE consequently establishes HIF-1 regulatory involvement. The effect of HRE disruption on the hypoxic response cannot be easily foreseen, however, and the finding of increased ⌬HRE-CFTRpluc activity in late hypoxia might indicate that such an alteration allows for a CFTR stimulatory mechanism to gain significance. Similarly, PCR data had indicated a blunted response of CFTR mRNA repression in chronic hypoxia. Conflicting results also exist for oxygen-dependent CFTR regulation in different tissues (44 -46) . Currently, too little is known about the molecular switches of CFTR to fully explain such differences. However, because CFTR is differentially expressed in various tissues and bears tissue-specific transcription start sites (27) , it is conceivable that CFTR activity is not required at the same level in all tissues and at all times.
The forskolin-induced secretory response displays CFTR dependency in a variety of CFTR-expressing cell lines, based on its absence after siRNA-mediated CFTR knockdown (47, 48) . The significant decrease specifically in forskolin-stimulated fluid secretion in hypoxic cells and the abrogation of this response in both normoxic and hypoxic HIF-overexpressing cells is therefore a strong indication for an HIF-1 modulated, CFTR-dependent secretory response. Equally, forskolin-induced I sc was reduced in HIF-1-overexpressing T84 cells under control conditions and further decreased in hypoxia. However, HIF-1 being regulator of a comprehensive hypoxia adaptive response implies alterations of barrier phenotype distinct from CFTRexpression changes and constituting a considerable experimental challenge. The exact role of HIF-1 in barrier maintenance is unclear at this point, as some barrier protective mechanisms are induced by HIF-1 (6, 7, 12) , while conversely a number of tight junctional proteins are down-regulated (49, 50) . To control such factors in vitro, care was taken that monolayers had a comparable TER at begin of the functional assays. Still, we cannot rule out that differences in barrier maturity were basis to some of the changes seen, for example, when measuring water flux. Although this assay implicates immediate physiological relevance, it measures net effects influenced by a number of proteins, some of which, such as Aquaporin 5 (51) or EnaC (52), have been associated with altered function in hypoxic states or direct HIF-1 responsiveness.
Equally, experiments in the native intestine bear a number of experimental challenges. As such, the hypoxic response is known to alter during chronic hypoxia due to counteradaptive mechanisms (53, 54) . Therefore, in vivo experiments were performed after prolonged hypoxia to characterize the stability of this response. However, since many of our earlier data stem from shorter hypoxic exposures (6, 12) , key experiments were performed following shorter hypoxic exposure times. Both our in vitro and in vivo expression studies suggest, as indicated above, that CFTR suppression is most pronounced during early hypoxia, whereas functional data establish the prolonged consequences of such down-regulation.
Experiments to fully characterize the CFTR-dependent secretory responses in hypoxic animals were impeded by technical reasons in the colon, probably because the manipulation necessary to empty the stool elicits long-lasting secretory reflexes, which prevent stable baseline measurements. Measurement of I sc responses to forskolin in native intestine did not demonstrate a distinct hypoxic epithelial phenotype. This measurement is dependent on functional CFTR expression (55, 56) , but it has been observed that approximately 20% of CFTR protein expression is able to generate the same cAMP-dependent I sc as observed in WT tissue (57) . Conversely, the study of isolated intestinal mucosa in Ussing chambers is well suited to pick up dysregulation of CFTR due to trafficking defects, lack of CFTR-binding proteins (58), AMPK-activation (59), or NKCC1 function (2) . The lack of difference in bumetanide-sensitive I sc in any of the intestinal segments thus argues against these mechanisms being the primary reason for secretory dysfunction after hypoxic exposure.
In contrast to I sc measurements, we and others had observed a significant difference in small intestinal fluid secretory response to forskolin in Cftr ϩ/Ϫ mice in vivo (ref. 60 and unpublished observations), suggesting that reductions in CFTR expression to the degree observed during hypoxia (below 50% but above 20%) may cause a measurable decrease in fluid secretory response. Likewise, we had observed that the HCO 3 Ϫ secretory response in vivo in Cftr ϩ/Ϫ duodenum is decreased compared to controls. In addition, both assays distinguished clearly between NKCC1 deficiency on the one hand and CFTR deficiency and the hypoxic phenotype on the other hand. During stimulation of intestinal anion secretion, NKCC1 is responsible for ϳ50% of the basolateral Cl Ϫ uptake destined for secretion and alternative anion uptake pathways exist (2) . CFTR, in contrast, is the major pathway for stimulated anion secretion in the brush border membrane of enterocytes. However, despite the precautions we took to reoxygenate and correct the blood pH, it is clear that additional, presently unknown factors may influence the anion secretory response in hypoxia, and other electrolyte transport abnormality were observed (e.g., a reduction in basal fluid absorp-tion and a decrease in blood to lumen clearance for BSA as well as 51 Cr-EDTA). In summary, evidence exists that the necessity of the intestinal epithelium to function within an adverse microenvironment might have lead to a distinct hypoxia adaptive response (12) . Because of the role of CFTR-dependent Cl Ϫ secretion in enterotoxin-mediated intestinal fluid secretion in infectious diarrheas (18) , CFTR becomes an attractive target for development of inhibitors with antidiarrheal efficacy. Given that HIF-1 activation is observed under various conditions of inflammation (21, 61) and during infection (62), HIF-1-mediated CFTR depression might constitute a novel endogenous compensatory mechanism. Here our data document that altered HIF expression is sufficient to cause significant downregulation of CFTR and measurably change the behavior of the Cl Ϫ secretory machinery. Such an innate, adaptive response is of immediate importance for conditions involving intestinal epithelial hypoxia or inflammation and enhances our understanding of intestinal fluid and electrolyte movements. 
